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Abstract. Most important for the identiﬁcation of chiral symmetry in atomic nuclei is to establish a pair of
bands that are near-degenerate in energy, but also in B(M1) and B(E2) transition probabilities. Dedicated
lifetime measurements were performed for four bands of 194Tl, including the pair of four-quasiparticle
chiral bands with close near-degeneracy, considered as a prime candidate for best chiral symmetry pair.
The lifetime measurements conﬁrm the excellent near-degeneracy in this pair and indicate that a third
band may be involved in the chiral symmetry scenario.
Chiral systems can exist in nuclei with triaxially de-
formed shape. Such nuclei rotate collectively predomi-
nantly around their intermediate axis. Should the valence
nucleons have both particle and hole nature, their single-
particle angular momenta would align along the short and
long nuclear axes, respectively. Then the total angular mo-
mentum of the nucleus will have large projections along
the three major nuclear axes, forming a left-handed or a
right-handed systems and exhibiting chiral symmetry.
Nuclear chiral symmetry generates a pair of rotational
bands with the same parity and with near-degenerate
properties; for instance they have similar excitation en-
ergies, alignments, and reduced B(M1) and B(E2) tran-
sition probabilities [1]. Most of the chiral bands known to
date have been identiﬁed based on similarity in the ex-
citation energy and alignments, but very often the most
crucial chirality test (see ref. [2]), i.e. the similarity in the
B(M1) and B(E2) transition rates remain outstanding,
because it needs dedicated lifetime measurements.
The formation of more than one chiral system in the
same nucleus is a very rare event. To date chiral multiplets
were proposed in only two nuclei, 133Ce [3] and 103Rh [4],
a e-mail: plmasiteng@uj.ac.za
b e-mail: elena@tlabs.ac.za
although both cases are still to be conﬁrmed by lifetime
measurements.
In this work lifetime measurements were performed
for four bands in 194Tl [5], including the only four-
quasiparticle chiral pair known to date. This is also the
only chiral pair for which chirality persists through a back-
bend. Furthermore, this chiral pair shows perhaps the best
near-degeneracy found to date [6].
The 181Ta(18O, 5n) reaction was employed at a beam
energy of 91MeV. The target was a 1mg/cm2 181Ta foil
with a thick Bi layer evaporated on the back. The recoils
were completely stopped in the Bi backing. The emitted
γ-rays were detected with the AFRODITE array [7, 8] at
iThemba LABS, comprising 9 Compton-suppressed clover
detectors, and 6 LEPS detectors. The trigger required 3
coincident γ-rays, with at least two detected in the clovers.
Four clover detectors were arranged at 45◦, another four
were placed at 135◦, while the remaining detectors were
situated at 90◦ with respect to the beam direction.
Data were sorted into two asymmetric matrices, with
the γ-ray energies detected at 45◦ and at 135◦, respec-
tively, stored into one axis, while the coincident γ-ray en-
ergies registered at any angle were stored into the second
axis. Gated, background-subtracted, forward (45◦) and
backward (135◦) spectra were used to analyze the Doppler
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Fig. 1. (Color online) Line shape analysis of the transitions de-exciting the 28+ level of Band 2. Analysis of the 483 keV peak
at (a) forward and (b) backward, angles, and (c) analysis of the 931 keV peak in the spectrum that is a sum of the forward
and backward spectra. The ﬁt of the Doppler broadened peak of interest is shown with red solid line. Peaks without Doppler
broadening are ﬁtted with apparatus line shapes, shown in blue. The position of the stopped component of the 483 keV peak is
plotted by the dashed blue line. The black solid line shows the ﬁt for all peaks. In panel (d) the χ2 functions from the analysis
of the spectra shown in (b) and (c) are plotted.
broadening of the peaks using the Doppler Shift Attenu-
ation Method (DSAM). The analysis involved gating on
intense transitions lying below the transition of interest,
which is the “wide gate on transition below” method [10],
and implies that the side feeding patterns have to be sim-
ulated.
The DSAM analysis was performed using the pro-
grams COMPA, GAMMA, and SHAPE [9], described in
detail in [10–13], and previously applied with AFRODITE
data [14,15]. Monte-Carlo methods were used to simulate
the entry state and the side feeding cascades to the level of
interest. Statistical E1, M1 and E2 transitions, E2 bands
including superdeformed bands, and stretched M1 bands
generated by particle-hole excitations were considered. Pa-
rameters for the side feeding were taken from the literature
or extracted from the present data, using the procedure
described in [10,16].
Lifetimes were determined step by step, starting from
the highest-energy level of a band. Examples of DSAM
analysis are shown in ﬁgs. 1 and 2. The line shapes for
the γ-rays de-exciting the higher-spin levels show larger
Doppler broadening. The 28+ level de-excites by the 483
and 931 keV transitions. The diﬀerence in the Doppler
broadening at forward and backward angles is clearly dis-
tinguishable even for the medium-energy 483 keV peak
—note the diﬀerent slopes of the low energy part of this
peak, shown with red solid line in panels (a) and (b) of
ﬁg. 1. Much larger Doppler broadening is observed for the
931 keV peak, which is symmetric in the sum of the for-
ward and backward spectra, shown in panel (c) of ﬁg. 1.
Panel (d) illustrates the corresponding χ2 functions for
the ﬁts of the spectra in panels (b) and (c), and the ex-
tracted lifetime of τ = 0.45+0.11−0.08 ps. The asymmetric error
bars are determined at χ2min + 1/K, where K denotes the
degrees of freedom of the ﬁt.
DSAM measurements can also yield results for peaks
with small Doppler broadening. Such an analysis is de-
scribed in detail in [17]. To underline the sensitivity of the
method, as a second example, DSAM analysis for a peak
with a small Doppler broadening is shown in ﬁg. 2. The
22− level of Band 1 is fed by a direct cascade, as well as
by side feeding. The line shape of the 563 keV transition,
de-exciting this level, shows a small Doppler broadening,
see ﬁg. 2(a), due to the small fraction of the sidefeed-
ing with respect to the direct feeding. Nevertheless the
spectrum has very good statistics, which allows a distinct
minimum of the χ2 function to be obtained, see panel
(b). The extracted lifetime result can be further tested.
In panel (c) a spectrum is made as a diﬀerence between
the backward and forward spectra. This spectrum is very
sensitive to Doppler broadening. Should the peak at the
forward (backward) angle show broadening at the high
(low)-energy side, the diﬀerence spectrum would produce
a characteristic shape, which crosses zero at the centroid
of the peak. This curve is then analyzed to extract the
lifetime using the ﬂight-fraction method (for more details
on this method see [18]) illustrated in ﬁg. 2(d). The two
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Fig. 2. (Color online) Line shape analysis of the 563 keV transition de-exciting the 22− level of Band 1. In panel (a) a spectrum
that is a sum of the forward and backward spectra is shown, the notation is as in ﬁg. 1. The χ2 analysis for this peak is plotted
in panel (b). Panels (c) and (d) illustrate the ﬂight-fraction analysis, with an analysis of the spectrum that is a diﬀerence of the




















































































































Fig. 3. (Color online) Partial level scheme of the high-energy part of four bands of 194Tl, from ref. [5]. The lifetimes (shown in
red) are measured in ps.
measurements yield similar results, and an average value
of τﬁnal = 1.2+0.4−0.2 ps for the lifetime of this level is deduced.
Lifetimes were measured for several levels in four ro-
tational bands in 194Tl and results are shown in ﬁg. 3 and
in table 1.
The upper part (I  18) of Bands 1 and 4 were as-
signed a four-quasiparticle πh9/2 ⊗ νi−313/2 conﬁguration,
which includes valence nucleons with both particle (πh9/2)
and hole (νi−313/2) nature. Furthermore triaxial shape was
predicted for this conﬁguration in 194Tl [6]. Such features
are characteristic for chiral symmetry systems. Most im-
portantly Bands 1 and 4 show excellent near-degeneracy
in their excitation energy, alignments and B(M1)/B(E2)
transition probability ratios [6]. B(M1) and B(E2) tran-
sition probabilities measurements were carried out in this
work and are shown in ﬁg. 4(a) and (b).
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Table 1. B(M1) and B(E2) values in W.u. for the transitions
in 194Tl, deduced from the measured lifetimes shown in ﬁg. 3.
The γ-ray intensities and multipolarities of the transitions are
also shown.
Iπi Eγ (keV) Iγ σλ B(M1), B(E2) (W.u.)
Band 1
24− 361.7 45(16) M1 0.15+0.10−0.05
742.6 41(18) E2 11+8−5
23− 381.2 79(28) M1 0.19+0.07−0.04
621.6 14(3) E2 7.1+5.2−2.1
22− 240.4 78(12) M1 0.54+0.22−0.12
562.8 89(13) E2 59+23−13
21− 322.3 128(19) M1 0.53+0.18−0.12
459.6 13(4) E2 32+18−11
Band 2
28+ 483.1 10(5) M1 0.24+0.14−0.09
931.1 12(5) E2 17+9−6
27+ 448.0 18(5) M1 0.30+0.16−0.09
846.6 16(8) E2 22+12−8
26+ 398.6 36(5) M1 0.46+0.27−0.12
761.0 18(5) E2 21+14−6
25+ 362.4 46(11) M1 0.62+0.40−0.15
685.0 22(8) E2 35+27−12
24+ 322.4 65(13) M1 0.29+0.16−0.07
656.7 26(4) E2 13+8−4
Band 3
24− 395.9 13(2) M1 0.33+0.18−0.08
825.7 25(8) E2 40+16−10
23− 430.0 22(3) M1 0.48+0.18−0.08
757.5 30(4) E2 81+28−17
22− 327.5 50(6) M1 0.53+0.25−0.12
704.1 35(7) E2 28+14−7
21− 376.6 138(17) M1 0.56+0.32−0.13
583.2 16(6) E2 19+16−7
20− 206.1 116(21) M1 0.81+0.73−0.24
486.1 44(9) E2 38+37−13
19− 279.4 236(29) M1 0.74+0.34−0.16
(442) < 17 E2 < 30
Band 4
23− 379.1 1.6(5) M1 < 0.15
683.0 0.7(4) E2 < 10
22− 303.9 1.8(7) M1 0.69+0.24−0.16
553.1 0.4(1) E2 30+22−9
21− 249.1 2.4(3) M1 0.73+0.30−0.17
20− 200.1 2.9(5) M1 < 0.9
19− 170.0 2.1(4) M1 < 0.7
All measured values for the B(M1) and the B(E2)
transition probabilities in Bands 1 and 4 look very similar
(see ﬁg. 4(a) and (b)). This strongly supports the sug-
gested chiral symmetry of the two bands, and highlights
the excellent near-degeneracy of this pair, making it per-
haps the best chiral symmetry pair known to date.
The measured transition probabilities helped to reveal
more details on the nature of the third negative-parity
band, Band 3. This band was also assigned a πh9/2⊗νi−313/2
conﬁguration [5], and it shows very similar B(M1) and
B(E2) transition rates to those of Bands 1 and 4. The
observed similarity in the B(E2) rates indicates no change
in the nuclear shape and is in accordance with Band 3
corresponding to a triaxial shape and being a part of a
second chiral system in this nucleus. To determine the
expected features of multiple bands built on the πh9/2 ⊗
νi−313/2 conﬁguration, Many Particle Rotor (MPR) model
calculations [19] were performed.
The MPR model assumes a Nilsson potential with
standard parameters [20] for the potential of the valence
nucleons. The πh9/2⊗νi−313/2 conﬁguration of the negative-
parity bands was described in the MPR calculations as one
proton placed among the 10 orbitals of the πh9/2 shell
and 11 neutrons placed among the 14 orbitals of the i13/2
shell. The g-factor of the core was taken as gR = 0.3, and
the g-factors of the odd proton and neutrons were cal-
culated assuming an attenuation of the g-factors of free
nucleons, gs = 0.7gfree. Taking into account the Cranked
Nilsson Strutinsky calculations for this conﬁguration [6] a
quadrupole deformation of ε = 0.15 and a triaxial defor-
mation of γ = 40◦ were employed. An irrotational moment
of inertia was used. The results are shown in ﬁg. 4.
Figure 4(d) shows the calculated excitation energies of
the four lowest-energy bands which have similar features
to the experimental energies, ﬁg. 4(c). Furthermore an ex-
cellent agreement was found between the measured and
the calculated values of the B(M1) and B(E2) reduced
transition probabilities, see ﬁg. 4(a) and (b), particularly
for I < 23, where the interaction of these same-parity
bands is not expected to play a signiﬁcant role.
The theoretical results were examined to determine
whether all calculated bands correspond to chiral geome-
try. It was found that the expectation values of the angles
between the proton, neutron and collective rotation an-
gular momenta are large and indicate a three-dimensional
geometry. Furthermore the total angular momenta pro-
jections along the three major nuclear axes remain large
for all calculated bands. It was concluded that the cal-
culated bands correspond to three-dimensional chiral ge-
ometry, thus supporting the proposed chiral symmetry for
the negative parity bands in 194Tl.
Should Band 3 have a chiral partner? A multiplet of
two chiral systems, built on the same conﬁguration of two
valence nucleons, behaving as a particle and a hole in the
same single shell, generates four bands arranged in two
distinct pairs [1, 21]. However, when the conﬁguration is
allowed to span a larger conﬁguration space than a single
orbital per nucleon, the partner bands in the pair show
distinct diﬀerences [22, 23], including increased relative
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Fig. 4. (Color online) Experimental and calculated (a) B(M1), and (b) B(E2), transition probabilities in the negative-parity
bands of 194Tl. Measured excitation energies are shown in (c). The calculated energies for the four lowest-energy bands and for
γ = 40◦ and γ = 30◦ are plotted in (d) and (e), respectively. The calculated bands are labeled with A, B, C and D according
to their excitation energy.
excitation energies. Consider for instance the four calcu-
lated bands in 194Tl for the largest triaxiality γ = 30◦,
ﬁg. 4(e). Note that the yrast chiral pair shows large rel-
ative excitation energy between the partners, while the
yrare chiral pair does not. At γ = 40◦ the partner band
from the yrast chiral pair reaches an excitation energy
similar to that of the yrare chiral pair. This means that
assuming that the calculations describe well the nature of
the experimental bands, the partner of Band 3 is expected
at excitation energy similar to that of the yrare chiral pair,
i.e. near Bands 1 and 4. These two bands are already non-
yrast and rather weakly populated, thus should a fourth
band exist at similar excitation energy it may remain un-
observed in our data.
In summary, lifetime measurements were performed
for four bands in 194Tl, including the four-quasiparticle
chiral pair with close near-degeneracy. The extracted re-
duced B(M1) and B(E2) transition probabilities in this
pair conﬁrm the excellent near-degeneracy of these bands
and suggest that this chiral pair is perhaps the best chi-
ral system found to date. The third negative-parity band,
Band 3, may also correspond to chiral geometry, and could
be a part of a chiral multiplet built on the πh9/2 ⊗ νi−313/2
conﬁguration.
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